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Enhancing the effectiveness of lubricated systems extensively used in research communities still 
remains a challenging proposition. In recent years, some efforts have been made in coupling 
interfacial phenomenon like electrokinetics with lubricated systems for improved performance, but 
were relatively scarce. Towards this, employing an intricate coupling between substrate compliance, 
hydrodynamic and electrokinetic modulations we have analyzed the alteration in the flow physics in a 
deformable microchannel under the rheological premises of viscoelastic fluids which closely 
resemblance bio-fluids typically used in several bio and micro-fluidic applications. Here, we show 
that by making a judicious combination of involving parameters like concentration and molecular 
weight of polymer, concentration of electrolyte, monitoring the quality of Newtonian solvent one can 
achieve substantial augmentation in the load carrying capacity of the microchannel, thus having 
immense implications for novel design and performance of lubricated systems. 
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1 Introduction 
 Lubricated systems are omnipresent in the engineering settings as well as in the physiological 
systems. 1–18 The utilization of such systems has attracted significant attention in the research 
communities owing to their wide gamut of applications ranging from traditional engineering 
problems to biological processes. The performance of these systems is governed by their load bearing 
capacities which is a quantification of enduring maximum amount of load. 5,6,19–24 A number of 
researches have been directed towards coupling interfacial phenomenon like electrokinetics with 
these systems in a vision to improve the performance. 25–31 One common feature of these systems is 
that they are often associated with flexible substrates thus making an interfacing between solid 
substrate and fluidic media, commonly termed as fluid-structure interaction (FSI). 12,25,30,32–37 These 
systems are further characterized by wettability and surface charge modulations 38–44 which are 
typically observed in narrow confinement flows interfacing with biological premises or may also be 
imposed by virtue of engineered approach. 45–49 
 Recently, there is a propensity of utilizing complex non-Newtonian fluids in several micro 
and nanofluidic applications because of close similarities in their constitutive behaviour with 
biological fluids. 50–54 Subsequently, constitutive relations have been proposed to describe the 
behaviour of biofluids, namely, power-law model, 55 Casson model, 56 Carreau model, 57,58 (for 
inelastic fluids) and Maxwell model, 54,59 Oldroyd-B model, 60 Phan-Thien Tanner model 61–66 (for 
viscoelastic fluids) to name a few. While a number of research works in FSI can be observed in the 
domain of in-vitro bio fluid mechanics, they are mainly restricted to delineating physiological aspects 
of FSI without considering the rheological complexity of bio-fluids. 67,68 In this context, we have 
theoretically studied the deformation characteristics of a parallel plate microchannel subjected to the 
aforementioned modulations under the rheological premises of viscoelastic fluids. This analysis 
unveils that by making a suitable combination of experimentally tunable parameters like polymer 
concentration, polymer molecular weight, regulating the quality of Newtonian solvent and altering 
the electrolyte concentration, it is practically possible to augment the load bearing capacity of 
deformable microfluidic channel up to one order of magnitude with respect to Newtonian fluid. It is 
envisaged that, the outcomes of present analysis holds significant engineering as well as 
physiological relevance by constructing a new paradigm towards novel design and optimal 
performance of bio-mimetic lubricated devices. 
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2 Problem Formulation 
 
 The physical domain of the present analysis consists of a parallel plate microchannel whose 
surfaces are compliant in nature. Rectangular Cartesian co-ordinate system has been chosen where x 
and y are the longitudinal and transverse co-ordinates with y = 0 being the origin of the physical 
domain. The length of the microchannel  l  is much higher as compared to the half channel height, 
 h  i.e., l  >> h . Here, the flow is actuated by means of an externally applied axial electric potential 
where a binary, symmetric (1:1) electrolyte solution is employed. The channel walls are subjected to 
axial modulations in the hydrodynamic slip length in association with the surface charge patterning, 
which take the following form  1 cossl q x      and  1 cos q x       38,39,69–71 where sl  
and   are the slip length and surface potentials,   and   are the axial modulations, q  patterning 
frequency and   (or  ) being the phase difference between the axially varying and invariant 
components. In absence of any hydrodynamic and electrokinetic modulation, it represents the 
scenario of purely electroosmotic flow with uniform velocity profile and as a result, the presence of 
surface compliance has no effect. Any non-uniformity in the flow physics comes from the interaction 
between the modulation parameters which creates an imbalance in the pressure distribution. Now the 
Fig. 1 Schematic of the electroosmotic flow in a parallel plate microchannel.(a) Un-deformed 
microchannel, (b) Deformed microchannel. 
(a) (b) 
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channel walls, because of its inherent compliant nature, try to maintain the original separation 
between them. This creates an axial pressure gradient and the associated lift force at the walls and the 
channel undergoes finite deformation. To obtain the extent of deformation, normal stress balance at 
the solid-fluid interface must be employed which reads 6,72,73 
 0    (1) 
where   [ ]Th h h I       . For an isotropic, linearly elastic solid substrate,   and   are 
the Lamé constants while [ , ]Tx yh h h

 corresponds to the displacement field vector. One can simplify 
this equation using the assumption l  >> h  which leads to the following expression for the 
displacement field 
      
2
2 0
yh
y
        (2)
To solve this equation, one needs to incorporate the no-displacement condition at the complaint layer-
solid interface (i.e. at , 0yy h h  ) while normal stress balance prevails at the complaint layer-fluid 
interface (i.e. at cy h h  , ˆ ˆn p n    ). This results in simplified form of yh  as  
                                                                          2
c
y
hh p
        (3) 
In equation (3), p  is the hydrodynamic pressure. The compliant layer thickness is taken as ch  which 
correlates the stiffness factor of the channel as 1
2
ch S
       
where S  represents the stiffness of 
the channel. Depending on the value of S , it may experience transition from the compliant regime to 
the stiff regime. For the transport phenomenon, the flow is assumed to be steady, laminar, and 
incompressible and in the creeping flow regime. The governing momentum and continuity equations 
are given below 
 
Continuity Equation : 0
- component : 0
Momentum Equations :
- component : 0
yxxx
e x
xy yy
e y
px E
x x y
py E
y x y
 
  
                          
v
 (4) 
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where   is the stress tensor, E    induced electric field owing the application of the axial 
electric potential   , e  excess change density obtained from Poisson equation as 2 e      
with   being the permittivity of the medium.There is an alteration in the chemical state of the surface 
when it comes into contact with an electrolyte solution, this results in acquiring some finite charge at 
the surface which is accompanied by the release of counter-ions to maintain electro-neutrality of the 
system. When an external potential is applied, although the system is electrically neutral overall, it 
possesses a net charge which drags the fluid in the axial direction and the electroosmotic flow is 
actuated. Here, a charged layer is formed in the close proximity of the solid substrate which consists 
of charge equal and opposite to the surface charge and this layer is known as Electrical double layer 
(EDL). 74–80 With the weak electric-field approximation,   can be represented as the linear 
superposition of two components, i.e.,      , ,extx y x x y     where  ext x  is the externally 
applied potential with  ,x y  being the potential induced within the EDL. With l  >> h , the charge 
distribution in the EDL gets simplified to the form of 2 2 ed dy     (using l  >> h , x   << 
y   and 2 2extd dx  << 2 2d dy ). Further simplification is done by invoking the Debye-Hückel 
linearization approximation (valid for low surface potential, i.e.   < 25 mV) 39,69,81 which yields 
2
e      with   being the inverse of the EDL thickness. 
 To describe the rheological behavior of the fluid, we have chosen the constitutive equation of 
the simplified Phan-Thien-Tanner model(sPTT). 61–63 For this model, the stress components take the 
following form 65,82 
 
2 2 2
2 2 2
xx xx
xx xx yx
yy yy
yy xy yy
xy xy
xy yy xx
u u uF u v
x y x y x
v v vF u v
x y x y y
u v u vF u v
x y y x y x
     
     
     
               
              
                      
 (5) 
where P S     is the fluid viscosity consisting of both polymeric component  P  as well as its 
Newtonian counterpart  S  (i.e. solvent) and   is the fluid relaxation time, a characteristic time 
scale of a viscoelastic fluid. Also, F  is the stress coefficient for the stress tensor 
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 1F tr      with   being the fluid extensibility which in the limit of 0  represents a 
simpler upper-convected Maxwell (UCM) model. Choosing proper scales for the stress components, 
one can simplify the stress components where a relationship between the tangential stress  xy  and 
normal stress  xx  can be established as 22xx xy   . 65,82 Using this relationship, one can 
simplify the flow field in the following manner 
 
2
3
3
2xy
xy
u
y
   
    (6) 
The governing equations are now subjected to the modulated slip and zeta potential boundary 
conditions, as shown in the following  
 
 
 
1 cos
and 1 cos
sy H
y H
y H
uu l q x
y
q x
 
   



            

      (7) 
The analytical approach for the solution procedure along with the solution is discussed in detail in the 
following section. 
3 Analytical solution procedure  
 In order to take into account the combined effect of wettability and surface charge 
modulation, we expand any field variable in an asymptotic series in the following manner  
          2 20 11 12 21 22 23                   (8) 
Using the asymptotic expansion of Eq. (8), the x-component of the momentum equation along with 
Eq. (6) are rewritten below  
 
 ,0 ,11 ,120 11 12 2 0 122 2
21 23 ,21 ,23
2
,0 ,11 ,12 ,0 ,0 11 12
32 2
21 23 ,21 ,23
0
1 2
xy xy xy
xy xy
xy xy xy xy xy
xy xy
p p pd E
dx yp p
u u u
y u u
               
         
        
                   
                  
3
11 ,12
2
,21 ,23
xy
xy xy
 
    
         
 (9) 
One interesting thing to note that the potential distribution gets influenced only due to surface charge 
modulation (involving  0O   and  O   terms) while the coupling between two perturbations are 
incorporated through  O    term. Similarly, the boundary conditions are also expanded as   
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 
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0 11 12 0 11 12
2 2
21 23 21 23
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s
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 

                             

 (10) 
We have performed this analysis by assuming equal slip modulations at the surfaces because of 
mathematical simplicity. The imposition of asymmetric slip boundary condition would introduce 
more complexity in determining the flow field which already involves inherent non-linearity owing to 
the complex rheological behavior. Now, the governing equations for the leading order flow field (i.e. 
in absence of any modulation) are given by 
For  O 1 :     
2,00
0
2
,0 30
,03
0
2
xy
xy
xy
E
dp
dx y
u
y
 
   
           
   (11) 
where   0
cosh
cosh
y
h
    and 
 
 ,0
sinh
coshxy
y
E
h
    .Eq. (11) is subjected to the following boundary 
conditions      00 01 cos , andsy h y h
y h
uu l q x
y
    

         (12) 
Since,  O 1  solution corresponds to the perturbation free flow field, the effect of surface compliance 
will not come into picture and the separation between the two plates remains constant. The 
corresponding velocity profile is now presented below   
 
 
     
    
    
 
2
0 3
3
1 cosh 3 cosh 3
3
cosh
1 tanh 3 cosh cosh
cosh 2cosh
4 sinh
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s
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y De uu u l u h h y
h h
l h
 
       
                   
 (13) 
where hsDe u  is a characteristics dimensionless number representing relative strength of elastic 
and viscous forces. This equation represents electroosmotic flow of viscoelastic fluids in a slit 
microchannel in presence of a constant interfacial slip length sl . In the limit of 0De  and 0sl  , 
this simplifies to the case of purely electroosmotic flow of a Newtonian fluid 
    0 1 cosh coshhsu u y h      where the characteristic velocity scale hsu  is denoted by 
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hsu E     (commonly known as Helmholtz-Smoluchowski velocity scale). 
Similarly for  O  ,  
,1111
2
,11 211 11
,0 ,11 ,113
0
6 where
xy
xy
xy xy xy
dp
dx y
u dp y
y dx

     
           
  (14) 
The corresponding velocity profile is given by  
 
 
   
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2
2 211 11
11 2 2 2 2 2
2 11
2
11
22 3
sinh 23 6 tanh
2 2 cosh cosh
tanh 3cos
2 2 cosh2 tanh
hs
hs
s hs
hs
hs
s hs
dpsDe u y yy u dp dpdxu l u h sDe h h
dx h dxy y
dpsDe uh h u dp dxl u qx
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    
                   
            
 
 2 2 2 2
sinh 2
cosh
h h
h h
 
 
      
 (15) 
Unlike  O 1  solution, here channel height becomes axially variant  h x  which takes into account 
the effect of surface compliance as    h x h d x   where h  is the axially invariant part and  d x  is 
the deformation caused by any kind of perturbation which is determined from the stress balance at the 
solid-fluid interface as discussed earlier. Here, we represent the two-dimensional flow in terms of the 
classical Reynolds equation as 6,73 
          
11 11 0
h h
h h
u vdy dy
x y 
          (16) 
where the v-component can be obtained by using no-penetration condition at the surfaces (i.e. 
0
y h
v   ). Further simplification of Eq. (16) can be done by applying Leibnitz's rule of 
differentiation under the integral which yields  
       11 11 11 11 0h hh h hu hdy u dy u y h u y hx x x x 
                (17) 
Eq. (17) results in a differential equation describing the following pressure distribution in the axial 
direction where some mathematical simplifications are chosen like   3 3h x h ,   2 2h x h  and 
    tanh tanhh x h   
       
22
11 11
1 2 32 0
d p dp
dx dx
                  (18) 
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Now, we non-dimensionalise all variables involved in Eq. (18) in the following way  
 
2
, , , ,
, , ,
atm hs
s s hs
x x l y h h l p p p l u l
q q l l l l u S l
  
    
          
 
and the corresponding dimensionless form of Eq. (18) is written below 
    
22
11 11
1 2 32 0
d p dp
dx dx
            (19) 
The coefficients involved in Eqs. (18)-(19) can be found in Section E of the supplementary material. 
Since Eq. (19) is inherently non-linear in nature, it becomes analytically intractable. Hence, one needs 
to employ numerical technique like shooting method to obtain the pressure distribution subjected to 
the isobaric condition at the two exits (i.e. at 0, ; atmx l p p  ). This pressure distribution is now used 
to evaluate the load bearing capacity of the channel  w as  
  11111 110
hs
ww p dx
u
     (20) 
For conciseness, solutions for  O   and higher orders are presented in the Appendix section. 
Physically, in addition to surface charge and slip length alterations, further disturbance in the flow 
field comes from the addition of polymer which introduces several interactions within the flow 
domain thus influencing strongly the degree of deformation. This is discussed in detail in the results 
and discussions section. 
4 Results and discussion 
 In this section, first we discuss the effect of two modulation parameters on the flow field and 
the associated load bearing capacity  RefW W   briefly. Here, the effect of wettability modulation    
can be described solely by the Navier's slip condition, which by definition is a strong function of the 
velocity gradient at the surface. Now, the imposition of wettability gradient creates a disturbance in 
the wall adjacent flow velocity which is further propagated to the next layer through viscous 
interaction. Now, because of inherent compliance, there is always a tendency to maintain the original 
channel height which in turn, induces a pressure gradient and lift force thus leading to channel 
deformation. Similarly, surface charge patterning    has an immediate effect in the flow field within 
the EDL, which typically exists near the wall in microscale flows. (The thickness of EDL lies within 
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1-100 nm while the channel height ranges between 1 to 100 micron) The effect of electrokinetic 
forcing is strongly manifested as one starts increasing   thereby inducing more lift force and load 
bearing capacity as a consequence. 
 Before presenting the results, a short discussion about the background is presented such that it 
can be easier to correlate from experimental perspective. Here, Deborah number (De) is a very 
important characteristic dimensionless number associated with the flow of viscoelastic fluids and 
intuitively, one can be keen to see its effect on the flow field and the associated deformation 
characteristics. However, instead of representing parametric variation, we have chosen to show the 
variations of physically realizable parameters such that it can be executed in actual experimental 
scenarios. Towards this, we use the definition of De  hsDe u  which clearly shows the 
dependence on two parameters, i.e., fluid viscosity    and fluid relaxation time    which can 
easily be modulated by means of polymer concentration  c . Physically, this also represents the 
relative strength between elastic and viscous forces within the flow domain. The alteration of the 
rheological properties of fluid upon polymer addition is briefly presented in Section A of the 
supplementary material. Since De  works as a fingerprint of departure from Newtonian behavior, any 
effect of viscoelasticity is noticeable only for higher values of De . Here, the elastic stresses are 
localized in the wall adjacent region where the EDL is present and hence, the effect of viscoelasticity 
is manifested only in this region and becomes diminished at the bulk where it shows almost 
Newtonian like behavior. 
 As discussed in the supplementary material, depending on polymer concentration  c , 
solution may experience a transition from one regime to another. 83–88 These regimes are divided into 
three parts, namely, dilute, semi-dilute unentangled and semi-dilute entangled. Here we have chosen 
two representative examples of aqueous solution of Polyethylene Oxide (PEO) and Polyacrylamide 
(PAM) where different regimes are demarcated in Figs. 2 (i), (ii) with *c  and ec  being the overlap 
and entanglement concentrations respectively. In the dilute regime, as c  is increased gradually, as 
reflected in the scaling relationship, fluid exhibits both viscous and elastic behavior. Here, viscosity 
   follows a linear relationship with c  while relaxation time    remains constant for a dilute 
11 
 
solution (for a dilute solution, Zimm's relaxation time  z  is typically employed which is 
independent of c , i.e. 0c  ). Physically, this increment in   will try to resist the disturbance 
caused by the two perturbation parameters   and  . However, as shown in insets (a),(c) of Fig. 2, 
this rise in viscosity is not significant, only ~ 1. 4 times as c  is increased up to *c  which implies that 
the strength of elastic force is strong enough to create a deformation of the polymer chain away from 
its equilibrium position. This subsequently creates a disturbance on the already perturbed flow field 
and induces more lift force as compared to that of Newtonian fluid. As a result, load bearing capacity 
 W  in the dilute regime is much higher with respect to Newtonian fluid  RefW . However, with 
increasing c , the enhanced viscous resistance leads to reduction in RefW W  , it decreases from ~ 1.6 
times to ~ 1.3 times as c  is approaching towards *c  and obeys the following scaling: 0.28Ref ~W W c
 
 
(for PEO) and 0.29Ref ~W W c
 
 (for PAM) respectively. 
 
(i) (ii) 
Fig. 2 Load bearing capacity  RefW W   variation with increasing concentration of the aqueous 
polymer solution  c . (i) is for aqueous Polyethylene Oxide (PEO) solution, (ii) for aqueous 
Polyacrylamide (PAM) solution. Also, inset (a),(c) are the results for viscosity variation (in Pa. s.) 
while inset (b),(d) corresponds to relaxation time    variation (in ms) with c .83 *c  and ec  are the 
overlap and entanglement concentrations respectively (for both cases). Results are presented at 
0.3  , 0.3  , o0  , o0   with RefW  being the load bearing capacity for Newtonian fluids. 
(b) 
(a) (c) 
(d) 
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 When we move from dilute to semi-dilute regime, with increasing c , both   and   
increases. For example, as shown in the insets of Fig. 2 (ii), changing c  from 
*c  to ec  results in an 
increment of ~ 1.5 times for   and ~ 3.5 times for   in the semi-dilute regime. Physically, more   
means more time is required for the polymer chain to return from its deformed structure into its 
equilibrium configuration while increase in viscosity results in suppression of the disturbance in the 
flow and the degree of deformation of the channel is dictated by their relative strengths. Since viscous 
force becomes more pronounced with increasing c , it results significant reduction in RefW W  , from ~ 
1.3 times to ~ 1.03 times in PEO (or ~ 1.05 times in PAM) as c is changed from *c  to ec .  
 In the semi-dilute entangled regime, both parameters   and   show strong dependence with 
c . For example, changing c  beyond ec  in PAM solution, augmentation of   and   are ~ 60 times 
and ~ 5 times respectively, i.e.,   is increased at least one order of magnitude as compared to  . 
Although elastic force is strengthened significantly in this regime, any kind of disturbance in the flow 
caused by the deformed polymer chain is overshadowed by the strongly pronounced viscous forces 
thereby leading to significant reduction of RefW W   beyond ec . Increasing c  beyond ec  creates a 
scenario when RefW W   approaches unity which implies that the degree of deformation employing 
viscoelastic fluid (for both PEO and PAM) coincides with that of Newtonian fluid. Hence, from 
experimental point of view, if one actually wants to enhance the load bearing capacity of lubricated 
systems using viscoelastic fluids, solutions in dilute regime should be preferred over other regimes 
which also naturally involve only small addition of polymer. 
 Now we look into other aspects of rheological alteration of polymer solutions in the dilute 
regime. As per definition, solution can be safely assumed to be dilute when there is no topographical 
or hydro-dynamical interaction between the polymer chains. 84,86,89–92 Just a small addition of polymer 
initiates several thermodynamic interactions within a Newtonian solvent out of which hydrodynamic 
interaction is a significant one in which disturbance in the flow field is caused by the polymer chain 
at one part with other part producing a drag force on the Newtonian solvent. This effect comes into 
prominence as one increases the molecular weight of the polymer  wM . Here, intrinsic viscosity    
is a parameter associated with dilute solution which is utilized to determine the cross-over (or 
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overlap) concentration  *c  (a short discussion about intrinsic viscosity is appended in Section B of 
the supplementary material).According to Flory's theory, *c  is the reciprocal of intrinsic viscosity 
  . Now,    depends on wM  as   bwa M   (also known as Mark-Houwink-Sakurada (MHS) 
equation) 84 with a and b being experimentally obtained empirical constants. Physically, more the 
value of wM , lesser is the concentration required to reach the cross-over concentration. So, for higher 
wM , very small concentration of polymer is strong enough to initiate interaction between the polymer 
chains. Additionally, the definition of Zimm's relaxation time  z  tells us that z  is directly 
proportional to wM . This aforesaid variations of z  and    are depicted in insets (i) and (ii) of Fig. 
3 with dilute aqueous solution of PEO being chosen as an example. As clear from these figures, the 
influence of wM  on z  is much stronger as compared to that on    which results in significant 
enhancement in elastic stresses which in turn creates an amplified imbalance in pressure distribution. 
In the range 5 610 10wM  , effect of wM  on RefW W   is indistinguishable while for beyond 
610wM  , RefW W   is increased up to ~ 4.35 times by following the behavior: Ref 2.26wW W M  . 
 
Fig. 3 The dependence of RefW W   as a function of polymer molecular weight  wM   for 
aqueous solution of polyethylene oxide (PEO). Inset (i) and (ii) are the variations of Zimm's 
relaxation time  z  and intrinsic viscosity of polymer    with wM .84 
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 Another feature is the effect of excluded volume which becomes of critical importance when 
dealing with dilute polymer solution where the conformation of the polymer chain depends strongly 
on the quality of the Newtonian solvent. 83,91,93 The degree of expansion of the chain is dictated by the 
intermolecular interaction between the polymer molecules and the solvent molecules. This is always 
associated with an energy of interaction which plays a pivotal role in determining whether the chain 
expands or contracts. If the quality of the solvent is poor enough to nullify any effect of excluded 
volume, then one can represent it as the fulfillment of the θ-condition thereby resulting contraction of 
the polymer. 94,95 On the contrary, in good solvent the repulsion between the chains is strong enough 
to expand the conformation beyond the most stable configuration. This expansion makes a 
disturbance in the flow field which is already perturbed owing to the imposition of wettability and 
surface charge modulation. The combined effect of all these alterations results in an enlarged non-
uniformity in the axial pressure distribution and the microchannel gets more deformed as a 
consequence.  
(i) (ii) 
Fig. 4 The variation of RefW W   with varying solvent quality. (i) incorporates results using 
experimentally determined fluid relaxation times, (ii) predictions according to the Zimm's 
relaxation time. Here, Dioctyl Phthalate (DOP) and Tricresyl Phosphate (TCP) are chosen as 
examples of θ-solvent and good solvents respectively while Polystyrene (PS) is chosen as the 
representative example of a neutral polymer ( wM  = 6.9 MDa).
93 Inset of Fig. 4 (i) shows the 
variation of   with c  for different solvent quality while inset in Fig. (ii) shows corresponding 
z values.  
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 In Fig. 4 (i), we have demonstrated the effect of solvent quality on the load bearing capacity 
 RefW W  . To illustrate this, we have chosen two types of solvents as examples, Dioctyl Phthalate 
(DOP) and Tricresyl Phosphate (TCP), which are considered as near θ-solvent (at θ-temperature 
22⁰C) and good solvents respectively. 93 Microfluidic approach of relaxation time determination in 
recent years have shown that by monitoring the solvent quality one can get significantly different 
values of   as compared to z . (Regarding this, a brief discussion is added in Section C of the 
supplementary material) Mathematically, for a fixed value of c  and wM ,    is related as 
  3 1wM    which further simplifies to 0.5wM  for θ-solvent and 0.8wM  for good solvent respectively. 
Here   is denoting the solvent quality ranging from 0.5 (θ-solvent) to 0.6 (good solvent). 83 Since the 
change of    for θ-solvent is less significant as compared to good solvent, criterion for *c  is 
achieved at higher c  thus resulting much higher   for θ-solvent. These variation of   with solvent 
quality is illustrated in inset of Fig. 4. The enhanced elastic stress is so pronounced in θ-solvent with 
increasing c  that, although it nullifies the excluded volume effect, deformation in polymer chain 
leads to enhancement in RefW W   of ~ 1.17 times and gets suppressed in good solvent (~ 1.04 times). 
This leads to the conclusion that, for achieving improved load capacity of microchannel, dilute 
solution consisting of θ-solvent should be deployed over good solvent. 
 Fig. 4 (ii) includes the predictions of RefW W   using z  which by definition is independent of 
c  for dilute solution while in reality, they show the dependences of 
0.76c   for θ-solvent and 
0.54c   for good solvent respectively. 93 As a result, use of z  leads to grossly erroneous predictions 
of RefW W  . As already shown in previous studies, Zimm's theory may lead of discrepancies in 
finding   for good solvent which is also observed here by the opposite trends with respect to Fig. 4 
(i).  
 Now, we focus our attention towards polyelectrolyte solutions 85,93,96,97 which exhibit 
strikingly distinct behavior as compared to neutral polymer solutions. For neutral polymers, below 
*c , no interaction takes place between the chains, while for polyelectrolyte solutions, strong 
intermolecular interaction occurs at much lower concentration than *c  which results in swelling of 
the chain. With increasing c , strengthened interaction between polymer chains results in increase in  
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Fig. 5 (i)-(ii) The dependence of RefW W   with c  for different 0n  of electrolyte NaCl. (i)-(ii) 
corresponds results using dilute Hyaluronic acid (HA) solution ( wM  = 1.6 MDa)  in Phosphate 
buffered Saline (PBS) solution with (i) using expt. data for rheological parameters while (ii) uses 
predictions according to Zimm's theory. Inset (a) and (b) in (i) shows the variation of   and   
with increasing c  with Ref  and Ref  being evaluated at  *c c  = 0.066. (iii) represents results for 
semi-dilute aqueous Xanthan gum solution (XG) where inset (c) and (d) depict the dependence of 
  and   with 0n . Here, 0,Refn   = 0.013 wt% is the reference 0n  of electrolyte KCl. 
(i) (ii) 
(iii) 
(c) 
(d) 
(a) 
(b) 
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both fluid viscosity    and relaxation time    where the growth of   is much faster as compared 
to  . As clear from inset (a) and (b) of Fig. 5 (i), relative increment for   is ~ 3 times and ~ 20 
times for  . Thus relative strength of elastic force as compared to viscous force increases. Here, non-
uniformity in the flow field is already induced by virtue of two modulations and the strengthened 
elastic stress results strong deformation of the polymer chains. Higher the value of c , higher is the 
difficulty to return into its original form thereby inducing more imbalance in the pressure distribution 
and the deformation is significantly pronounced. As shown in Fig. 5 (i), increasing c  (keeping 0n  
constant) gradually up to *c  results in ~ 7 times augmentation in RefW W   where the rheological 
properties of dilute Hyaluronic acid (HA) in Phosphate buffered Saline (PBS) solution has been 
chosen as a polyelectrolyte. 93 
 In absence of salt or in the low salt regime, electrostatic repulsion between the free charges of 
the polymer results in an expansion of the polymer conformation. As we start adding electrolyte, this 
interaction gets screened by the counterions thereby resulting contraction of the polymer. This 
alteration in the molecular conformation significantly affects the rheological properties of the fluid 
like viscosity, relaxation time. Subsequently, increasing 0n  from 50 mM to 138 mM(using NaCl as an 
electrolyte) results in ~ 66 % increment of  RefW W  , clearly seen from Fig. 5 (i). 
 Now, Fig. 5 (ii) shows the variation of same using theoretically estimated rheological 
parameters. As discussed earlier,   dependence of polyelectrolyte solution with c  is completely 
different as compared to neutral polymer, for which according to Zimm's theory,   is independent of 
c . Since usage of Zimm's definition of   fails to incorporate intermolecular interaction in 
polyelectrolyte solutions, it leads to erroneous predictions of load bearing capacity where opposite 
trend of RefW W   variation with c  is observed in Fig. 5 (ii). 
 This figure also incorporates the effect of rheological alteration in aqueous semi-dilute 
unentangled solution upon salt addition (Fig. 5 (iii)). For example, the molecular structure of Xanthan 
gum (XG) is governed by the presence of charged side chains as well as the free ions in the solvent. 
Upon salt addition, it experiences a transition in the molecular structure from extended to rod-like 
conformation, i.e. reduction in the hydrodynamic size takes place. This structural change affects 
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strongly the rheological properties of Xanthan Gum (XG) which immediately influences the 
associated flow field.The variation of RefW W   with varying 0n  using semi-dilute XG solution is 
shown in Fig. 5 (iii) where 0,Refn  is the reference electrolyte concentration of KCl, i.e., 0,Refn   = 
0.013 wt % with RefW  being the load capacity corresponding to 0,Refn using Newtonian fluid. 96Owing 
to this alteration with increasing 0n , the flow field is strongly affected. However, RefW W   is still 
increasing with 0n . with an increment of ~ 2,1 times being observed at 0 0,Refn n ~ 30. In this context, 
it is important to mention that as 0n is increased monotonically, the thickness of electrical double 
layer (EDL)  D  decreases and for very high 0n , the EDL becomes so thin that the effect of 
electrokinetic modulation is diminished and major contribution comes from slip length modulation. 
As a result, despite being actual relaxation time significantly different to that predicted by Rouse 
model 85,97 (a discussion about Rouse model is included in Section D of the supplementary material), 
predictions of RefW W   for experimental and remains identical for lower 0n  (up to 0 0,Refn n  ~ 5) 
while some under-estimation by Rouse model is observed for higher 0n  (i.e. at 0 0,Refn n  ~ 30). 
 
 The culmination of the results and discussion section shows the respective deformations for 
the previously described conditions, as depicted in Fig. 6. For a fixed value of electrokinetic and 
hydrodynamic modulations, fixed substrate stiffness and electrolyte concentration, use of dilute 
polymer solution results in substantial increase in the degree of deformation  d h  with maximum 
increment of ~ 66 %  obtained as compared to the Newtonian fluid while for semi-dilute solution, this 
increment is attenuated with the maximum increment being half of that observed in dilue solution 
(Fig. 6 (i)). Similarly, the corresponding deformation for entangled solution is indistinguishable from 
that of Newtonian fluid which again supports the claim that dilute solution should be employed over 
other solutions. While dealing with polymer molecular weights, d h  is very less for low molecular 
weight solution (identical for 510wM   and 610wM  ) and noticeable effectcan only be obtained at 
higher wM . As evident from Fig. 6 (ii),changing wM  from 
610  to 65 10  gives rise to ~ 5 times 
enhancement in the degree of deformation. Additionally, maximum increment of ~ 17.4 % is 
observed as one employes θ-solvent instead of good solvent Finally, among all these cases, the effect 
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of electrolyte concentration is strongest for causing maximum extent of deformation which naturally 
results maximum load bearing capacity of the channel. 
 
Fig. 6 Degree of deformation  d h  with (i) varying polymer concentration  c , (ii) varying 
polymer molecular weight  wM , (iii) varying solvent quality (θ-solvent or good solvent) (iv) 
varying electrolyte concentration  0n . 
(ii) (i) 
(iii) (iv) 
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5 Conclusions 
 The primary objective of the present analysis is to delineate the alteration in the deformation 
characteristics of a compliant microfluidic channel under the rheological premises of viscoelastic 
fluids, typically reminiscent of complex biological fluids. As previously reported, the coupling 
between interfacial hydrodynamics and electrokinetics in association with surface compliance can 
significantly amplify the load bearing capacity of the microchannel. 71 Here, we show that further 
enhancement can be achieved by judiciously choosing experimentally tunable parameters. For 
example, using proper concentration of polymer, molecular weight, monitoring the quality of solvent, 
modulating electrolyte concentration in polyelectrolyte solutions it is practically possible to enhance 
the load bearing capacity up to one order of magnitude as compared to that of Newtonian fluid. We 
understand that these outcomes may construct a new paradigm in the context of improved and 
optimal designing of lubricated system involving biofluids thus bearing strong contemporary 
relevance. 
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Appendix 
Section A: Solutions for  O   and higher degrees of perturbations: 
The governing equations for flow field and pressure distribution for  O   are shown below 
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126
cos 6
1 3 2 sinh
2 2
s
s
dp dp dp dpsDel h sDe h h h F x
dx dx dx dx Q
F x F xdp dpl qx h sDe h
dx Q dx Q
dp dpsDeh h G x h G x
dx dxG x
   
     
  

         
           
   
        
     
   
222
1 6 5 5 532 211 12
11 73 2
10 11 6 8 7 6
12 1 2 2
2
G x G x G xF xdp dpsDe h G x h
dx dx QG x G x hG x G x
      
            
(A8) 
23 
 
and 
22
23 23 23
1 2 3 42 0
d p dp dp
dx dx dx
           (A9) 
Now, the total load carrying capacity of the channel is the combined consequences of all 
perturbations which is given by         
  
1 1 1 12
11 12 21 23 11 12 21 230 0 0 0
w w w w w p dx p dx p dx p dx                     (A10) 
The coefficients of velocity and pressure distribution for different orders of perturbations can be 
found in Section E of the supplementary material. Also, a list of symbols with their physical 
meanings is attached in Section F for ease of understanding. 
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